We have combined techniques of genetic and physical mapping with rapid DNA sequence analysis to identify the nucleotide change in lambda int mutations. These mutations define two dominant phenotypic classes: (i) recombination that is partially independent of accessory factors, and (ii) inhibition of wild-type Int by missense or nonsense proteins, i.e., negative complementation.
The lambda int gene encodes a 356-amino-acid topoisomerase that promotes strand exchange during site-specific recombination (1, 10, 13, 15) . Escherichia coli integration host factor and the lambda-encoded excision protein (Xis) act as accessory factors (for reviews, see references 14 and 18) . The majority of mutations within the int gene generated previously by various mutagenic protocols (5) (6) (7) 20) are null mutations and render lambda defective in both integration and excision. Many of these have been positioned within int relative to known deletion/substitution mutations (5) . Two mutations, int am29 and int2, are widely used as standard null int mutations.
However, two classes of dominant int mutations also have been identified. Mutants of the first phenotypic class were isolated for their ability to promote recombination under less than optimal conditions. Two mutations that are partially integration host factor and Xis independent have been reported: intH3 (12) and xin (C. Gritzmacher, L. Enquist, and R. Weisberg, unpublished data; see also reference 18).
Members of the second class negatively complement wild-type Int. Twenty-eight missense or nonsense Int proteins were analyzed for the ability to inhibit wild-type Int during an integration or excision reaction in vivo (S. Bear and D. Court, manuscript in preparation). Inhibition was measured in two quantitative assays by coinfection of special indicator strains with an int+ and an int mutant bacteriophage. Excisive recombination excised a cryptic prophage from the E. coli Gal operon (4) . Integrative recombination measured the release of a Gal-transducing prophage. In both assays, the mutant proteins could be classified on the strength of their inhibition. Strong inhibition was defined by a recombination frequency of <10% of the uninhibited control value. Moderate inhibition was defined as 20 to 30% of the control value. These studies revealed integration-and excision-specific inhibition. The nine Int proteins exhibiting negative complementation are 2273, 2279, 42, 2025, am2271, am2111, am2157, am29, and 2278.
In this communication, we present our strategy for revealing the general position of the mutations on the DNA sequence before the determination of the nucleotide change. Our data identify the DNA change in these two classes of mutations and demonstrate that intH3 and xin contain a single and identical base change.
DNA sequence strategy and procedures. Our strategy for determining the DNA sequence change was to synthesize * Corresponding author.
DNA primers and position them on a known genetic map of the int gene (5) . This was accomplished by hybridizing these primers to DNA from 28 int deletion mutants, thus creating a physical map of these deletion endpoints. The genetic map had positioned the int point mutations with reference to int deletion endpoints. Knowing that a particular point mutation mapped between two deletion endpoints (5) allowed us to pick the appropriate DNA primers for sequencing. All mutations except intH3 were sequenced directly from fulllength double-stranded lambda DNA; intH3 was sequenced from closed circular double-stranded plasmid DNA (19) .
Phage were polyethylene glycol precipitated from a 500-ml lysate grown in LE392 (17) and then banded in 75% cesium chloride at 40,000 rpm for 24 h at 15°C. The phage band was dialyzed against 10 mM Tris hydrochloride (pH 7.4)-10 mM MgSO4 (TM) for 24 h at 4°C with two changes of buffer. The phage DNA was extracted with phenol, phenol-chloroform, and chloroform (17) and dialyzed against 10 mM Tris hydrochloride (pH 8.0)-i mM EDTA (TE) at 4°C for 24 h.
Plasmid DNA was alkaline extracted from a 5-ml saturated culture and suspended in TE (17) . The DNA was incubated with 250 jig of RNase A (Boehringer-Mannheim) per ml for 10 min at 37°C and then phenol extracted and precipitated with 0.3 M sodium acetate and 2 volumes of 95% ethanol. The pellet was washed once in 70% ethanol, dried, and suspended in 50 Ru of TE.
The oligodeoxyribonucleotide primers were synthesized in the Oligo Synthesis Laboratory at du Pont on an Applied Biosystems DNA synthesizer by using phosphoramidite chemistry and were purified by reverse-phase high-performance liquid chromatography.
Map of deletion endpoints. To determine the physical endpoint of the int deletion mutations, the primers were end labeled with [-y-32P]ATP and hybridized to phage DNA with deletion/substitution mutations. About 107 PFU of each of 28 int or xis deletion/substitution mutants (Table 1) were spotted on a lawn of LE392 in 0.7% water agar on LB agar plates. The DNA in the phage spots was transferred to nitrocellulose and hybridized to each primer (17) . Hybridization indicated that the particular primer position was beyond the deletion endpoint. The placement of the primers between deletion endpoints is shown in Fig. 1 .
The mutations giving a negative complementation phenotype had previously been mapped relative to the deletion endpoints (5) . The genetic map position of xin was kindly provided by R. Weisberg (unpublished data). We correlated NOTES 
Zissler (20) int2 c1857 Gingery and Echols (6) that genetic map with our physical map and positioned the point mutations between the primers (Fig. 1 ).
Location and nature of point mutations. Table 2 shows the DNA sequence and amino acid change in the int mutations.
intH3 and xin contain the exact same DNA base mutation at residue 174, changing glutamic acid to lysine. The DNA sequence of the entire int gene from an isogenic pair of xin+ and xin mutant phage was determined; the entire int gene sequence from the intH3 plasmid was also determined. Other than the single mutation at codon 174, no changes were found. These mutations were isolated in separate laboratories by using different phenotypic selections. The only common factor in the selection was the ability to promote site-specific recombination under less than optimal conditions. intH3 was first identified for host-factorindependent recombination, and xin was first identified for Xis-independent excision. Further analyses revealed that both are partially host factor and Xis independent, and both show greater than normal recombination efficiency at secondary attachment sites ( Our studies included an analysis of int2, which has been widely used as a typical int mutation, unable to promote integration or excision. The codon change in int2 is from arginine to methionine at residue 27 (Table 2) . Such a change could create a new translation initiation site; however, a smaller species of Int was not detected in Western blot analyses of extracts of E. coli infected with X int2 (Bear and Clemens, unpublished data).
These studies have combined genetic analyses with nucleic acid biochemistry to determine the nucleotide change of specific mutations. The determination of the exact position and the nature of the change will augment future characterization of the mutations and of the proteins they (2) . The deletion/substitution mutations are grouped within horizontal boxes. The endpoints of these deletions were physically mapped between specific oligonucleotides by DNA-DNA hybridization (see text). Missense and nonsense mutations previously mapped against the deletion endpoints (5) are placed here between the relevant primers used in the sequencing reactions. For example, the endpoint of deletion/substitution mutations bio2041, b2034, and bio2037 all mapped between primers G and H. int2 had previously been mapped beyond the endpoint of these deletion mutations. Therefore, the int2 DNA sequence was determined by oligonucleotide extension reactions from primers G and H (19) .
generate. In addition, our data will be viewed with greater perspective when a crystal structure for wild-type Int is available. 
